The polyphenol resveratrol (3,5,4′-trihydroxystilbene) is a well-known plant secondary metabolite, commonly used as a medical ingredient and a nutritional supplement. Due to its health-promoting properties, the demand for resveratrol is expected to continue growing. This stilbene can be found in different plants, including grapes, berries (blackberries, blueberries and raspberries), peanuts and their derived food products, such as wine and juice. The commercially available resveratrol is usually extracted from plants, however this procedure has several drawbacks such as low concentration of the product of interest, seasonal variation, risk of plant diseases and product stability. Alternative production processes are being developed to enable the biotechnological production of resveratrol by genetically engineering several microbial hosts, such as Escherichia coli, Corynebacterium glutamicum, Lactococcus lactis, among others. However, these bacterial species are not able to naturally synthetize resveratrol and therefore genetic modifications have been performed. The application of emerging metabolic engineering offers new possibilities for strain and process optimization. This mini-review will discuss the recent progress on resveratrol biosynthesis in engineered bacteria, with a special focus on the metabolic engineering modifications, as well as the optimization of the production process. These strategies offer new tools to overcome the limitations and challenges for microbial production of resveratrol in industry.
Introduction
Resveratrol (3,5,4′-trihydroxystilbene) is a well-characterized plant derived polyphenol, which is commonly used as a nutritional supplement and medicinal ingredient (Baur and Sinclair 2006) . Resveratrol was first isolated from white hellebore, Veratrum grandiflorum, in 1939 (Takaoka 1939) and was initially characterized as a phytoalexin (Takaoka 1939; Bauer et al. 2004) . Later it has been found in extracts of the roots of Japanese knotweed, Polygonum cuspidatum, which is a Chinese herbal medicine and now the main source for commercial resveratrol (Nonomura et al. 1963) . Subsequently, resveratrol was also shown to be present in grapevine Vitis vinifera (Baur and Sinclair 2006) and berry fruits, such as blackberries, blueberries and raspberries (Kiselev 2011) .
After resveratrol discovery, a lot of studies have showed its health benefits in preclinical studies and in human trials (Hubbard and Sinclair 2014) . The first studies in human trials reported its antioxidant capacity, showing that resveratrol can impede low-density lipoprotein (LDL) oxidation by chelating copper (Frankel et al. 1993 ) and also prevents the lipid peroxidation (Blond et al. 1995) . It was hypothesized that the low incidence of cardiovascular diseases in the French population might be related with the resveratrol, despite their high consumption of saturated fatty acids (also known as "French paradox") (Yang et al. 2014) . Besides antioxidant properties, resveratrol also blocks a number of different types of cancer, in preclinical studies (Aggarwal et al. 2004; Kundu and Surh 2008) , provides some protection against diabetes (preclinical studies with animal models) (Sharma et al. 2007 ) and neurodegenerative diseases such as Alzheimer's (preclinical studies with cell lines and animal models) (Anekonda 2006; Wang et al. 2006; Vingtdeux et al. 2008) . Recently, resveratrol has been shown to enhance the longevity of several species, accessing its potential as an anti-aging agent in treating age-related human diseases (preclinical studies with animal models and cell cultures) (Bauer et al. 2004; Viswanathan et al. 2005) .
Currently, most of resveratrol available on the market is produced in China by extraction from plants, such as P. cuspidatum (Liu et al. 2016) . Unfortunately, in many cases, the low abundance of polyphenols in plants hinders their extraction in sufficient amounts since they are only produced in response to stress situations or infections (Bavaresco et al. 1997) . Also, environmental and geographic factors lead to a constant shortfall of product supply from natural sources. Furthermore, the extraction process is also difficult since the plants extracts have a mixture of chemically very similar polyphenols and the isolation of individual compounds is a challenge. In fact, chemical synthesis is also a widely reported method for resveratrol production with high yield, whereas the application of this technique is greatly limited due to the complexity of the synthesis process and the production of undesirable side products (Quideau et al. 2011) . Considering the drawbacks and issues of the natural extraction or chemical synthesis of resveratrol, its microbial production is an interesting alternative and has been attracted a great deal of research interest. Microbial resveratrol biosynthesis has several advantages, since microorganisms have very rapid production cycles, reach high biomass yields and can be cultivated in defined media in scalable production processes. The first study on microbial production of resveratrol was achieved in yeast (Beekwilder et al. 2006) . Afterward, several studies were performed and the resveratrol production was improved in yeast [with resveratrol titers between 3.1 and 812 mg L −1 (Shin et al. 2011; Li et al. 2016) ] and bacteria [resveratrol concentrations between 1.4 and 2.34 g L −1 (Lim et al. 2011; Choi et al. 2011)] by the introduction and expression of natural plant pathways and engineering of the microbial host metabolism towards increased production (Beekwilder et al. 2006; Yang et al. 2015) .
This mini-review provides an overview of the research that has been done recently on the heterologous resveratrol production with bacterial hosts, discussing the new tools and strategies at gene, protein and pathway levels, as well as optimization of the fermentation process for its efficient biosynthesis.
Resveratrol biosynthesis pathway
The bioproduction of resveratrol is initiated from phenylpropanoid acids including cinnamic acid and p-coumaric acid that are derived from aromatic amino acids.
The amino acids biosynthesis starts with the enzyme 3-deoxy-d-arabino-heptulosonate-7-phosphate (DAHP) synthase that catalyzes the condensation of phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P) to form DAHP (Fig. 1 ). In bacteria, DAHP synthase occurs as three isoforms, each one regulated by feedback-inhibition allosteric mechanism (Light et al. 2012) . Six enzymatic reactions convert DAHP to chorismate (CHO), the precursor of l-phenylalanine (l-Phe) and l-tyrosine (l-Tyr) (Maeda and Dudareva 2012) . These aromatic amino acids are the final products of most bacteria biosynthetic pathways. Nevertheless, in plants and some bacteria, these amino acids are intermediates in pathways for the synthesis of secondary metabolites, such as phenylpropanoids. In the first step of phenylpropanoids synthesis, l-Phe and l-Tyr are converted to the phenylpropanoid acids cinnamic acid and p-coumaric acid, respectively, via phenylalanine ammonia lyase (PAL) and tyrosine ammonia lyase (TAL), which are then converted to cinnamoyl-CoA and p-coumaroyl-CoA by 4-coumarate-CoA ligase (4CL). Cinnamic acid can also be hydroxylated by cinnamate-4-hydroxylase (C4H) to form p-coumaric acid. Then three molecules of malonyl-CoA are condensed with one molecule of 4-coumaroyl-CoA by stilbene synthase (STS) yielding one molecule of resveratrol (van Summeren-Wesenhagen and Marienhagen 2015; Milke et al. 2018) (Fig. 1 ).
Bacterial hosts for resveratrol production
Microorganisms have been used for a long time in the production of value-added compounds with numerous applications (Du et al. 2013 ). Since resveratrol is not naturally produced by microorganisms, the genetic engineering of the host strain by functional integration of the heterologous pathways from plants is required. This represents an alternative strategy and has achieved remarkable progress in resveratrol bioproduction (Halls and Yu 2008; Mei et al. 2015) .
The choice of the host organism is often a major and first deciding factor in process optimization. Bacterial systems have some advantages compared with yeasts such as traditionally being easier to manipulate, having short doubling time, higher growth rates, and the ability to overexpress high quantities of proteins and enzymes (Makrides 1996; Wu et al. 2013) . Also, in contrast with yeast which are sensitive to high concentrations of p-coumaric acid, bacteria are much more tolerant to phenylpropanoid acids (Shin et al. 2011; Huang et al. 2013 ). However, one of the disadvantages of using bacteria as an expression host arises from its inability to perform post-translational modifications, which are often required for correct folding and functional activity of the recombinant protein (Rosano and Ceccarelli 2014) . Depending on the properties of the desired compound the use of yeast, such as S. cerevisiae, can be preferable (Yesilirmak and Sayers 2009) . S. cerevisiae which is also easy to grow and manipulate and is Page 3 of 11 122 well characterized, presents some unique advantages over bacteria for the production of resveratrol. It has a foodgrade status (GRAS organism), and does not lack the posttranslational machinery like E. coli, having intracellular compartments similar to those of plant cells (Jiang et al. 2005; Liu et al. 2016) . Also, membrane proteins such as cytochrome P450 would be more adequately expressed in a eukaryotic organism (Rodrigues et al. 2015) . Nevertheless, the application of yeast as producing hosts presents some limitations such as low yields compared with bacteria and Fig. 1 Schematic representation of the overall pathway for resveratrol production in bacteria: PPP: pentose phosphate pathway; PEPS: phosphoenolpyruvate synthase; TKT: transketolases; E4P: erythrose 4-phosphate; PEP: phosphoenolpyruvate, DAHPS: DAHP synthase (encoded by the gene aroH, aroG, aroF); DAHP: 3-deoxy-d-arabinoheptulosonate 7-phosphate, ADH: alcohol dehydrogenases; PTA: phosphate acetyltransferase; ACK: acetate kinase; TAL: tyrosine ammonia lyase; PAL: phenylalanine ammonia lyase; 4CL: 4-coumarate: CoA ligase; STS: stilbene synthase; C4H: Cinnamate 4-hydroxylase; ACC: acetyl-CoA carboxylase; tyrA/pheA: gene that encodes the chorismate mutase protein, tyrB: gene that encodes the tyrosine aminotransferase; aroA: gene that encodes the 3-phosphoshikimate-1-carboxyvinyltransferase protein; aroB: gene that encodes the dehydroquinate synthase protein, aroC: gene that encodes the chorismate synthase protein; aroD: gene that encodes the dehydroqui-nate dehydratase protein; aroE: gene that encodes the shikimate dehydrogenase protein; aroK/aroL: gene that encodes the shikimate kinase isoenzymes I/II; aroG/aroF/aroH: gene that encodes the DAHP synthase protein; fabB/fabF: gene that encodes the beta-ketoacyl-acp synthase I/II protein; fabD: gene that encodes the malonyl-CoA-acyl carrier protein transacylase; matB: gene that encodes the malonyl-CoA synthetase protein; matC: gene that encodes the dicarboxylate carrier protein; sgRNA: single guide RNA. The endogenous metabolism is presented at black color (enzymes and intermediates) and heterologous pathway for resveratrol production is indicated in blue (enzymes and intermediates). Enzymes denoted as red indicate overexpression targets, and genes denoted as purple indicated knockout genes. Genes denoted as orange indicate genes in the aromatic amino acid biosynthetic pathway Reproduced with permission from van Summeren-Wesenhagen and Marienhagen (2015), Milke et al. (2018) cell stress due to the presence of the foreign genes (Yesilirmak and Sayers 2009; Liu et al. 2016) .
Several studies have reported the successful expression of the heterologous biosynthetic pathway for resveratrol production in bacteria, such as Escherichia coli, Lactococcus lactis and Corynebacterium glutamicum, and in yeasts, such as S. cerevisae. The first attempt to produce resveratrol in S. cerevisae was described by Beekwilder et al. (2006) who obtained a resveratrol production of 5.8 mg L −1 . Different studies have been performed but the resveratrol titers achieved are usually lower than with bacteria [around 812 mg L −1 (Li et al. 2016) ] (Table 1) . E. coli is one of the well-characterized microorganisms used as microbial platform for industrial applications. The fast growth, easy genetic manipulation and existence of several synthetic biology tools are some of the reasons for E. coli applicability as host for resveratrol production (Theisen and Liao 2016; Wang et al. 2018 ). However, L. lactis and C. glutamicum are organisms with generally-regarded as safe (GRAS) status able to produce compounds with addedvalue importance in food and pharmaceutical industries. These microorganisms also hold genetic tools to be used for metabolic engineering to produce several plant-derived natural compounds. Gaspar et al. (2016) and Kallscheuer et al. (2016) demonstrated that L. lactis and C. glutamicum, respectively, are able to produce resveratrol, showing the assembly and functional expression of synthetic pathways for resveratrol production. Another bacterium described for resveratrol production is Streptomyces venezuelae. This gram-positive bacterium has the capacity to produce a wide range of secondary metabolites and Park et al. (2009) engineered it in order to produce plant-specific compounds, namely flavonoids and stilbenes. Table 1 presents the studies using yeast and bacteria to produce resveratrol, specifying the introduced genes, the precursors and other components supplemented in culture medium.
The resveratrol titers produced by engineered bacteria are strongly influenced by cell viability, gene expression and plasmid stability. Several efforts have been made to increase gene expression, enhance the precursors availability and improve the intracellular pool of malonyl-CoA by genetically modifying the host. This leads to the optimization of the operational conditions, such as mode of operation (batch, fed-batch and continuous) and environmental conditions (temperature, pH, dissolved oxygen, substrate and cell concentration), in order to increase the final resveratrol titers (Wang et al. 2018 ).
Metabolic engineering
Metabolic engineering of microorganisms for resveratrol production has achieved great progress in recent years (Milke et al. 2018; Wang et al. 2018) . Nevertheless, the main bottlenecks for microbial resveratrol production are the precursor availability and low stilbene synthase activity in the heterologous hosts. Hence, the main strategies for increasing productivity using microbial cell factories are increasing the precursor supply (aromatic amino acids and malonyl-CoA) via genetic manipulation of the strain and improving the activity of key enzymes via protein engineering (van Summeren-Wesenhagen and Marienhagen 2013; Milke et al. 2018 ).
Enzyme selection and protein engineering
The successful design of a biosynthetic pathway for resveratrol production depends in a great extent on the use of appropriate synthetic enzymes. Resveratrol production can be improved by exploring alternative enzymes from other sources that allow higher resveratrol yield or more specific enzymes that allow production of the desired compound with fewer by-products. Watts et al. (2006) used an engineered E. coli strain BW27784 harboring 4CL from Arabidopsis thaliana and a STS from Arachis hypogea and achieved a resveratrol production of 104.5 mg L −1 , with the supplementation of p-coumaric acid. A. thaliana 4CL was recently shown to preferentially use ferulic acid and sinapic acid as substrates (Hamberger and Hahlbrock 2004) . A. hypogea STS has been reported to have a broad substrate specificity (Morita et al. 2001; Abe et al. 2004 ). In the same conditions Beekwilder et al. (2006) and Zhang et al. (2015) obtained a resveratrol production of 80.52 and 16 mg L −1 , respectively, using another E. coli strain, E. coli BL21. Lim et al. (2011) achieved a resveratrol production of 2.39 g L −1 with an E. coli strain BW27784 harboring 4CL from A. thaliana and STS from V. vinifera, in the presence of 15 mM p-coumaric acid and cerulenin. It has been demonstrated that At4CL was functional in recombinant E. coli for flavonoid productions (Watts et al. 2006 ) and that STS from V. vinifera allowed a higher resveratrol titer when compared with other STS tested (Lim et al. 2011 ). Nevertheless, Wu et al. (2013) cloned TAL from the red yeast Rhodotorula glutini, 4CL from Petroselinum crispum and STS from V. vinifera, in different E. coli strains, but the resveratrol titers obtained were very low. R. glutini TAL was reported to have the highest specific activity for l-Tyrosine (Vannelli et al. 2007; Schroeder et al. 2008) . 4CL from P. crispum and STS from V. vinifera were chosen as they had been successfully used in previous studies to achieve the highest production of resveratrol from p-courmaric acid (Lim et al. 2011) . Kallscheuer et al. (2016) engineered a C. glutamicum strain for resveratrol production with STS from peanut (A. hypogaea), based on the work from Watts et al. (2006) , and 4CL from parsley (P. crispum), since it had a more diverse substrate specificity than other 4CL enzymes (Lozoya et al. 1988 ). This strain produces 12 mg L −1 of resveratrol, with supplementation of 5 mM of p-coumaric acid.
Besides selecting appropriate sources of enzymes, another approach available is to create enzymes with the desired functions through site-directed mutagenesis (Wang et al. 2012; Tee and Wong 2013) . Protein engineering and mutagenesis of 4CL and STS have indeed been applied to improve resveratrol production capabilities in microorganisms. Zhang et al. (2015) increased the resveratrol production in E. coli using gene fusion technology. The authors applied the fusion of the enzyme 4CL::STS (4CL from A. thaliana and STS from A. hypogaea) that enabled a resveratrol production of 80.5 mg L −1 from 1 mM p-coumaric acid. In another study, TAL, 4CL, chalcone synthase (CHS), and chalconeisomerase (CHI) have also been codon-optimized for E. coli expression which improved the resveratrol titer to 35 mg L −1 (Wu et al. 2013 ).
Pathway engineering
Most microorganisms, such as E. coli and C. glutamicum, do not have an endogenous phenylpropanoid pathway, thus the transformation of production strains with plant genes encoding metabolic enzymes is essential for de novo biosynthesis or bioconversion of resveratrol.
Designing optimal pathways for the production of resveratrol from inexpensive, safe and renewable resources, such as glucose and ethanol, is the first step in reconstructing the appropriate synthetic metabolic pathways in microorganisms. The two main goals within this step include the increase of the carbon flux into the shikimate pathway for the biosynthesis of the aromatic amino acids l-Phe or l-Tyr and the functional introduction of ammonia lyases for the efficient conversion of aromatic amino acids into phenylpropanoids. Aromatic amino acids are produced from shikimate pathway in bacteria. However, this pathway is mostly regulated by feedback inhibition of allosterically controlled key enzymes (Kloosterman et al. 2003) . The most common approaches to enhance the flux to the l-Phe and l-Tyr biosynthesis are the elimination of enzyme feedback inhibition regulation and transcriptional regulatory processes (Bulter et al. 2003; Lütke-Eversloh and Stephanopoulos 2007) . The over-expression of native PEP synthetase (encoded by ppsA gene) redirects pyruvate to PEP for aromatic amino acid biosynthesis. Besides the over-expression of transketolases, especially TKT (encoded by tktA), is an efficient approach for increasing the supply of E4P (Bulter et al. 2003; Lütke-Eversloh and Stephanopoulos 2007) . The PEP levels could also be increased by repression or disruption of the global regulator gene csrA, enhancing the production of aromatic amino acids (Bulter et al. 2003; Na et al. 2013) .
The production of phenylpropenoic acids such as cinnamic acid or p-coumaric acid could be increased through the heterologous expression of PAL or TAL (Huang et al. 2013; Zhang and Stephanopoulos 2013) . This is another bottleneck in the resveratrol production from glucose due to their low activity (Yang et al. 2015; Kallscheuer et al. 2016) . Kallscheuer et al. (2016) constructed a C. glutamicum strain able to produce 60 mg L −1 resveratrol from glucose, after deregulation of the shikimate pathway and introduction of a heterologous TAL from Flavobacterium johnsoniae. The E. coli BW25113 (DE3) strain was also able to produce 4.6 mg L −1 of resveratrol from glucose after site-specific integration of the genes TAL, 4CL and STS (Liu et al. 2016 ). Soon after, Wu et al. (2017) applied various metabolic engineering strategies to produce resveratrol from glucose in E. coli. The pool of malonyl-CoA was increased with the introduction of the malonate assimilation pathway from R. trifolli and additionally the genes fabD, fabH, fabB, fabF, fabI were down-regulated to inactivate the malonyl-CoA consumption pathway. Furthermore, the expression level of the TAL enzyme was improved leading to a resveratrol production of 304.5 mg L −1 .
In fact, the introduction of the entire de novo pathway is still a challenge due to low activity of TAL and PAL enzymes and also the low intracellular availability of malonyl-CoA.
Central carbon flux redirection
One of the major bottlenecks for resveratrol production in engineered microorganisms is the low intracellular availability of malonyl-CoA. The supplementation of the production medium with the main precursors, like l-Tyr, l-Phe, p-coumaric acid or cinnamic acid improves the production of resveratrol, since the availability of malonyl-CoA increases. Lim et al. (2011) and Wu et al. (2013) demonstrated the ability of E. coli strains to use p-coumaric acid and l-Tyr to produce 1308 and 35 mg L −1 resveratrol, respectively. However, it was observed that supplemented aromatic amino acids or phenylpropanoids were never completely converted to the corresponding polyphenols (Katsuyama et al. 2007; Xu et al. 2011; Kallscheuer et al. 2016; Milke et al. 2018 ). This precursor is required in the condensation reaction catalyzed by stilbene synthease (STS), where three molecules of cytosolic malonyl-CoA are sequentially added to one molecule of p-coumaroyl-CoA (Berg et al. 2002) . However, malonyl-CoA is naturally synthesized in microorganisms for the production of fatty acids and phospholipids and only a very limited amount is available for the production of secondary metabolites (Takamura and Nomura 1988) . Therefore it is of upmost importance to achieve a balance between the malonyl-CoA used for growth and resveratrol production. Significant efforts have been devoted to the development of different approaches to increase the intracellular pool of malonyl-CoA. One of the strategies is the medium supplementation with the natural fatty acid synthase-inhibiting antibiotic cerulenin (Santos et al. 2011; van Summeren-Wesenhagen and Marienhagen 2015) . The addition of cerulenin, a covalent inhibitor of fabB and fabF genes, can greatly facilitate the accumulation of malonyl-CoA and thus increase the production of resveratrol (Lim et al. 2011; Finzel et al. 2015; Kallscheuer et al. 2016; Lu et al. 2016) . Gaspar et al. (2016) observed that the addition of cerulenin after resveratrol induction resulted in a fourfold increase in the resveratrol concentration in L. lactis. The same behavior was also demonstrated by Lim et al. (2011) that also achieved a resveratrol production of 2.3 g L −1 by a two-step biotransformation from p-coumaric acid in presence of cerulenin, with an E. coli strain expressing heterologous genes coding for a 4CL from A. thaliana and for a STS from V. vinifera. Nevertheless, cerulenin is very expensive (Santos et al. 2011; de Fouchécour et al. 2018) and high cerulenin concentrations also reduced the cell growth rate possibly due to the detrimental effect of malonyl-CoA on cell growth (Subrahmanyam and Cronan1998) and thus cannot be used in large-scale fermentations (Lim et al. 2011; van Summeren-Wesenhagen and Marienhagen 2015; Milke et al. 2018) . Instead, a strategy that focuses on rerouting native metabolic flows and uses stoichiometric modeling to improve malonyl-CoA availability is more appropriate for increasing resveratrol production (Fowler et al. 2009 ). One of these strategies is repression of fab operon using antisense RNA (asRNA) for down-regulation of fatty acids synthesis. Yang et al. (2015) expressed an asRNA targeting the mRNA of the malonyl-CoA-acyl carrier protein (ACP) transacylase gene fadD in E. coli and a 4.5-fold increase in the intracellular malonyl-CoA concentration was observed, leading to a 1.7-fold increase in the resveratrol titer (268 mg L −1 ). More recently clustered regularly interspaced short palindromic repeats interference (CRISPRi) system was used to down-regulate the expression of genes involved in fatty acid biosynthesis increasing the resveratrol titer by 290.5% (final titer 90 mg L −1 ) (Wu et al. 2017) . A threefold increase in malonyl-CoA concentration was also achieved by over-expression of ACC, an enzyme involved in the acetate assimilation pathway responsible for the conversion of acetyl-CoA to malonyl-CoA (Zha et al. 2009 ). These E. coli strains were further engineered towards increased acetyl-CoA supply. Combination of over-expression of ACC, along with the elimination of pathways for acetate (pta and ackA gene products) and ethanol formation (adhE), as well as over-expression of an acetate assimilation enzyme (acs), led to a 15-fold increase in malonyl-CoA level in E. coli (Zha et al. 2009 ).
Another strategy to increase the malonyl-CoA supply is the use of malonate assimilation pathway from R. trifolii, in which malonate is converted to malonyl-CoA by CoA ligation (An and Kim 1998) . The matB and matC genes encoding malonate-CoA synthase and malonate carrier proteins, respectively, allow the transport of supplemented malonate into the cell and its subsequent conversion to malonyl-CoA. However, supplementation of malonate in the medium is commercially unfavorable.
Optimization of the production process
Another important aspect to be considered is process engineering, since the optimization and balancing of microbial growth and product formation are key parameters for successful implementation of these processes. Braga et al. (2018a) studied the impact of cultivation conditions, namely substrate concentration on resveratrol production using C. glutamicum. They observed that an increase in glucose concentration from 40 to 80 g L −1 leads to an increase in the resveratrol titer from 4 to 12 mg L −1 (Braga et al. 2018a ).
Another parameter that shows a huge impact on resveratrol biosynthesis and stability is the dissolved oxygen concentration. Oxygen is critical for aerobic growth of bacteria and the synthesis of resveratrol; however, an excessive amount of dissolved oxygen may oxidize resveratrol since it was described that the resveratrol stability in solution is affected by high oxygen concentrations and light (Lucas-Abellán et al. 2007; Trošt et al. 2009 ). This behavior has also been described by Braga et al. (2018b) . They observed that high oxygen concentrations in the bioreactor affected negatively the resveratrol titers with C. glutamicum.
Co-culture strategies have recently been highlighted since polyphenols, as resveratrol, are produced from complex biosynthetic pathways. With these strategies it is possible to use multiple strains capable of metabolizing different substrates or producing different products, and the whole pathway can be divided and introduced into each strain working as a module (Zhou et al. 2015) . This strategy was recently described by Camacho-Zaragoza et al. (2016) for resveratrol production with a co-culture of two different E. coli strains, with a final titer of 22.6 mg L −1 of resveratrol using glycerol as carbon source. They reduced the metabolic burden of each strain with a distribution of the biochemical pathway into two strains.
The dependence on precursor feeding (typically l-Tyr, l-Phe and p-coumaric acid) is also a drawback in this process, due to the high market price of these compounds (Santos et al. 2011) . Nevertheless, the development of engineered strains able to convert cheaper substrates, such as glucose, may solve this problem Wu et al. 2017 ).
The compounds used as precursors (p-coumaric acid, l-Tyr or l-Phe) present some toxicity to the cells at high concentrations and alternative strategies should be considered such as the addition of lower substrate concentrations at the beginning of the experiment and further additions following their consumption rate (step-wise fed batch) (Watts et al. 2006; Huang et al. 2013; Zhang and Stephanopoulos 2013) . However, resveratrol itself could also be toxic to the cells at high concentrations and the application of in situ product removal strategies will lead to a continuous resveratrol removal from the fermentation broth, without falling into toxicity limitations due to an excess of resveratrol in the system and also protecting the product from oxidative degradation, and facilitating a further downstream processing (Hua et al. 2007 ). Braga et al. (2018b) applied in situ product removal technique for resveratrol production with C. glutamicum using Amberlite XAD-7HP as adsorbent and observed an increase ranging from 75 to 95% in the amount of extracellular resveratrol produced. With this strategy they can avoid the potential problems with the toxicity of resveratrol to the cells and also prevents undesired oxidation.
Conclusions and future prospective
During the last years, the biotechnological production of resveratrol has attracted a great deal of attention. Research has been focused on the potential applications for human benefit as well as to understand its biosynthetic pathways in V. vinifera and its heterologous production in bacteria and yeasts. Although, the scientific community has dedicated time and efforts around the production of ''natural'' polyphenols, the overall productivity is still very low which is a drawback for their industrial production. The different genes involved in the biosynthesis of resveratrol have been identified and characterized and recent developments in synthetic biology Page 9 of 11 122 and molecular biology enabled its heterologous production. However the major limitations are still the low activity of plant-derived enzymes in the heterologous hosts and the insufficient supply of precursor molecules by the microbial metabolism. The best candidate enzymes for each step of the resveratrol production pathway should be studied to find the most adequate conditions to convert the metabolic intermediates into the desired products, and avoid the accumulation of these intermediates, to promote the final product synthesis and avoid their toxicity to the bacterial host. The fine tuning of expression and balancing the entire pathway with the central metabolism of the cell is also a key issue.
Nevertheless, the application of metabolic engineering, system and synthetic biology tools for strain-design, with process engineering strategies may address the hurdles of inefficient production of resveratrol in microorganisms. We believe that combining these approaches, the heterologous production of resveratrol could be competitive with current processes of chemical synthesis and extraction from plants. In a near future, scale-up to industrial processes will be achieved and optimized in order to develop a sustainable production of resveratrol that should provide a basis for the future improvement of microbial strains that synthesize other useful plant metabolites. The question now is when will the microbial production of resveratrol become economically feasible.
